Exposure of mouse mixed cortical cell cultures to lipopolysaccharide (LPS) resulted in inflammasome formation in neurons and astrocytes, as indicated by increases in the levels of NLRP3, ASC, caspase-1, and IL-1β. LPS exposure concurrently increased the level of free zinc in the cytosol of both cell types. Addition of the membrane-permeant zinc chelator TPEN blocked the increases in the levels of NLRP3 and caspase-1 as well as the release of J o u r n a l P r e -p r o o f Journal Pre-proof inflammatory cytokines, indicating a role for increased zinc in LPS-induced inflammasome formation. Oxygen-glucose deprivation (OGD), a cellular model of hypoxia, also induced inflammasome formation and zinc dyshomeostasis in cortical cells, effects that were abolished upon zinc chelation with TPEN. A similar mechanism appeared to be at work in vivo. Whereas intraperitoneal injection of LPS in mice resulted in inflammasome formation and microglial activation in the brain, it caused little induction of inflammasome formation in ZnT3-null mice, which lack synaptic zinc, suggesting a specific role for synaptic zinc in LPSinduced formation of inflammasomes in the mouse brain.
receptor containing a pyrin 3) inflammasome has been widely studied and linked to various autoinflammatory and autoimmune diseases (Du et al., 2018; Gong et al., 2018a; He et al., 2018; Sharma et al., 2018) . The NLRP3 inflammasome triggers activation of caspase-1 and induces the production of interleukin (IL)-18 and IL-1β (Franchi et al., 2009; Franchi et al., 2012; Sansonetti et al., 2000) , the latter of which is a major proinflammatory cytokine that plays a critical role in the pathogenesis of neurodegenerative diseases Tschopp and Schroder, 2010) . Recent findings suggest that NLRP3 is essential in mediating inflammatory responses during inflammation in neurological disorders (Gao et al., 2017; He et al., 2016; Heneka et al., 2013; Jiang et al., 2017; Madamanchi et al., 2005) . However, the mechanism underlying the activation of NLRP3 inflammasomes in brain cells is poorly understood.
Several studies have shown that metal ions, such as zinc, iron and copper, are involved in neurological disorders following brain ischemia (Chen et al., 2016; Grabrucker et al., 2011; Prakash et al., 2015) ; specifically, disruption of zinc homeostasis is a crucial signal for activation of immune cells (Rosenkranz et al., 2016; Wessels and Cousins, 2015) . Both deficiencies and excesses of free zinc result in severe disturbances in the number and activity of immune cells and lead to increased inflammation (Maywald et al., 2017; Wessels et al., 2017) : a zinc deficiency leads to phagocytosis and affects the development and function of T cells (Prasad, 2008; Shankar and Prasad, 1998 ) that act as chemoattractant of immune cells, substrate (Millipore, Bedford, MA, USA) and visualized using a UVP Auto Chemi Darkroom Imaging System (Ultra-Violet Products Ltd., UK). The following primary antibodies were used: anti-NLRP3 (Abcam, Cambridge, MA, USA), anti-ASC (Adipogen, San Diego, CA, USA), anti-caspase-1 (Adipogen), anti-IL-1β (R&D Systems, Minneapolis, MN, USA), and anti-IL-18 (R&D Systems). For immunoprecipitation, cells were lysed in RIPA buffer and the resulting lysates were incubated with anti-ASC antibody (Adipogen) overnight at 4°C with gentle rotation. Immunoprecipitates were then collected by incubating with Protein A and G agarose beads (Santa Cruz Biotechnology, Dallas, TX, USA) at 4°C for 2 hours. The beads were washed three times with RIPA buffer, boiled in SDS-PAGE sample buffer for 10 minutes, and centrifuged. The resulting supernatants were then used for Western blot analysis.
Immunocytochemistry and immunohistochemistry
NLRP3, ASC, caspase-1, and IL-1β were detected by first fixing primary cortical cell cultures with 4% paraformaldehyde for 30 minutes and then permeabilizing with phosphatebuffered saline containing 0.2% Triton X-100 and 1% bovine serum albumin (BSA) for 30 minutes. Fixed/permeabilized cells were incubated overnight at 4°C with primary antibodies, and then incubated with Alexa Fluor 488-or 555-conjugated donkey, rabbit, goat or mouse secondary antibody (Invitrogen, Life Technologies, Carlsbad, CA, USA) and Hoechst 33342 (Invitrogen), as appropriate. Immunofluorescence signals were visualized using an LSM710 confocal microscope (Zeiss, Germany) or a conventional fluorescence microscope (Olympus, Japan). Whole-brain sections prepared using a cryostat were placed onto glass slides and fixed and blocked with the same protocol as used in immunocytochemistry. After incubation overnight with anti-Iba1 (Wako, Osaka, Japan), anti-NLRP3 or anti-IL-1β primary antibody at 4°C, tissues were incubated with Alexa Fluor-conjugated secondary antibodies (Invitrogen) and examined by LSM780 confocal microscopy (Carl-Zeiss).
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Journal Pre-proof 2.7. ELISA For cytokine immunoassays, primary cell supernatants were centrifuged and collected, and the level of IL-1β in the supernatants was measured using an ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions.
Oxygen-glucose deprivation/reperfusion (OGD/R)
OGD/R is a well-established cellular model of ischemia (Zulueta et al., 1997) . OGD was induced by incubating neuron/astrocyte co-culture or BV2 microglia cells with EBSS (116 mM NaCl, 5.4 mM KCl, 8 mM MgSO 4 , 10 mM NaH 2 PO 4 , 26.2 mM NaHCO 3 , 10 M glycine; pH 7.2-7.4; without phenol red) for 2 hours at 37°C in a humidified 1% O 2 hypoxia incubator. Before use, EBSS was bubbled with mixed gas (CO 2 5%, N 2 95%), and a Dissolved Oxygen kit (CHEMets kit, Midland, VA, USA) was used to assess the oxygen concentration. Reperfusion was carried out by incubating the cells in EBSS containing glucose for 6 hours.
Statistics
All results are presented as means ± SEM. Student's t-test was used to evaluate the significance of differences between groups. Differences with P-values < 0.05 were considered significant. All statistical analyses and graphical presentations were conducted and created using Sigma Plot version 10.0 software (Systat Software, Inc., San Jose, CA, USA).
Results

LPS treatment increases cytosolic free zinc levels in neurons
Inflammatory signals were induced in cultured cortical cells using LPS as a J o u r n a l P r e -p r o o f Journal Pre-proof stimulant. Treatment with 10 g/ml LPS for up to 72 hours did not result in significant cell death in neurons or astrocytes ( Fig. 1A, B ). Because excessive zinc accumulation has been implicated as a mechanism of neuronal injury in diverse cases (Koh et al., 1996; Yi et al., 2007) , we next investigated possible changes in intracellular free zinc levels after LPS treatment using the zinc-specific fluorescent dye, Fluozin-3-AM. Treatment with LPS for 3 hours increased the level of intracellular free zinc mostly in neurons, and not in the background astrocytes on which they were plated (Fig. 1C, D) . Increases in free zinc levels (i.e., FluoZin-3-AM fluorescence) were completely blocked by addition of 0.5 M TPEN ( Fig. 1C, D) . These results suggest that sublethal increases in zinc induced by LPS might be involved in LPS-induced inflammatory signaling in neurons.
LPS treatment induces inflammasome formation and cytokine release in cortical cells
The NLRP3 inflammasome is the most widely studied among the several kinds of inflammasomes, and is the type that may be especially relevant in microglia, neurons and astrocytes in the CNS (Cho et al., 2014; Fann et al., 2013; Lu et al., 2014; Zendedel et al., 2016) . The NLRP3 inflammasome causes activation of caspase-1 and the consequent release of IL-1β and IL-18 (Halle et al., 2008; Masters et al., 2010; Sutterwala et al., 2006; Walsh et al., 2014; Willingham et al., 2007) . To test whether LPS exposure leads to NLRP3 inflammasome formation, we measured the association between NLRP3 and ASC using anti-ASC antibody immunoprecipitation. Immunoblots of anti-ASC antibody immunoprecipitates showed that LPS treatment increased the binding between NLRP3 and ASC ( Fig. 2A-C) .
Notably, co-treatment with TPEN completely blocked the association ( Fig. 2A-C) , indicating a key role for zinc. LPS treatment also increased levels of caspase-1, IL-1β and IL-18, all of which are products of inflammasomes ( Fig. 2D) . Again, addition of TPEN blocked the effects J o u r n a l P r e -p r o o f Journal Pre-proof of LPS on all these parameters ( Fig. 2D ). Using an enzyme-linked immunosorbent assay (ELISA), we measured IL-1β release in the bathing medium. LPS markedly increased IL-1β in the media, an effect that was blocked by TPEN co-treatment ( Fig. 2E ).
To visually confirm the effects of LPS and TPEN on the formation of NLRP3 complexes, we immunostained cortical cells for NLRP3 and ASC (Fig. 3A) . Both NLRP3 and ASC were increased by LPS treatment, with NLRP3 showing a marked increase in the cytosol, where is largely overlapped with ASC; this increase was blocked by TPEN ( Fig. 3A , C, D). A similar effect was observed for caspase-1 and IL-1β ( Fig. 3B ). These results show that intracellular zinc is closely associated with the inflammasome pathway in cultured cortical neurons.
Zinc chelation inhibits oxygen-glucose deprivation/reperfusion (OGD/R)-induced cell death and inflammatory response
In addition to direct pro-inflammatory stimuli such as LPS exposure, diverse metabolic insults, including ischemia and hypoglycemia, can cause inflammasome formation in the brain. OGD, an in vitro model of ischemia, is known to inflict damage on various neuronal cells, including hippocampal neurons (Wang et al., 2018) and cortical neurons (le Feber et al., 2018; Lu et al., 2018) . In vivo, reperfusion in the ischemic area rescues injured cells, but under certain conditions may cause inflammatory reactions and aggravate brain damage, a process in which NLRP3 inflammasome activation is likely to play a role (Ma et al., 2018; Shao et al., 2018) . In ischemic neuronal death, abnormal zinc accumulation may be a contributing mechanism (Koh et al., 1996; Zhao et al., 2014) . In cortical cell culture, propidium iodide (PI) staining showed that neuronal cell death was induced by 2 hours of J o u r n a l P r e -p r o o f Journal Pre-proof OGD and further increased after 6 hours of reperfusion, effects that were largely prevented by co-treatment with TPEN ( Fig. 4A, B ). Under the same experimental conditions, OGD increased intracellular zinc levels, measured as Fluozin-3-AM fluorescence, an effect that was effectively blocked by TPEN co-treatment ( Fig. 4C, D) . Similarly, the addition of TPEN inhibited OGD/R-induced increases in inflammasome formation ( Fig. 4E-G) and IL-1β and IL-18 release ( Fig. 4H-J) . Collectively, these results indicate that an increase in zinc is closely associated with OGD-induced cell death and inflammatory responses.
Zinc chelation attenuates OGD/R-induced microglial inflammation
Microglia are resident immune cells in the brain (Prinz and Mildner, 2011) . After brain injury, microglial cells are quickly activated and regulate inflammatory processes (Davies et al., 1998; Denes et al., 2007; Hanisch and Kettenmann, 2007) . Since our mixed cortical cell cultures are devoid of microglial cells, we separately examined the response of BV2 microglial cells to OGD/R. Intracellular zinc levels were significantly increased in BV2 microglial cells following both 2 hours of OGD and 6 hours of reperfusion ( Fig. 5A, B ).
OGD/R induced marked increases in the expression of NLRP3, ASC, caspase-1 and IL-18; in each case, these increases were significantly inhibited by co-treatment with TPEN ( Fig. 5C-H ). Our findings suggest that zinc accumulation occurs in both neurons and microglia.
. reactive microglial cells in both the hippocampus and cortex of LPS-treated (5 mg/kg, ip) WT mice compared with those of vehicle-treated (normal saline, ip) WT mice (Fig. 6A, B) . In contrast, the same LPS treatment induced little increase in the number of Iba-1(+) microglial cells in ZnT3-null mice (Fig. 6A, B) . Similarly, increases in the expression levels of NLRP3 and IL-1β were markedly lower in ZnT3-null mice than in WT mice following LPS treatment both in hippocampus (Fig. 6C, D) and cortex (Fig. 6E, F ).
LPS-induced inflammation and microglia activation in ZnT3-null mice
Discussion
The central finding of the present study is that increases in free zinc levels play a key role in inflammasome formation induced by LPS or OGD/R in co-cultured neurons and astrocytes. The association between NLRP3 and ASC was increased in a zinc-dependent manner in both cases. Moreover, production and release of the inflammasome-related cytokines, IL-1β and IL-18, were also dependent on increases in free zinc levels. In addition to the direct role of zinc dyshomeostasis in neuronal death in ischemia, epilepsy, trauma and hypoglycemia, the present results suggest that zinc dyshomeostasis additionally induces inflammasome formation, which may contribute to secondary brain damage under these conditions.
A growing body of evidence indicates that inflammation plays an important role in secondary brain injury following stroke and reperfusion (Chamorro et al., 2016; Janardhan and Qureshi, 2004) , with activation of resident and circulating inflammatory cells in and around the ischemic region leading to the production and release of pro-inflammatory cytokines that contribute to the death of neuronal and glial cells (Jayaraj et al., 2019; Shi et al., 2015) . In the current study, we investigated inflammatory reactions in co-cultured neuronal and glial cells using LPS as a stimulant. We found that LPS treatment resulted in increased J o u r n a l P r e -p r o o f Journal Pre-proof expression of the NLRP3 complex, caspase-1, and IL-1β. NLRP3 is an important mediator of inflammatory responses that induces cellular damage after brain injury (Abulafia et al., 2009; Gong et al., 2018b; Savage et al., 2012) . NLRP3 may be activated by intracellular K + concentration, mitochondrial reactive oxygen species (ROS), and lysosomal disruption (Latz et al., 2013) . Metal ions such as zinc are also involved in neurological diseases and ischemic stroke, with excessive accumulation of zinc after ischemic stroke contributing to neuronal cell death. We showed that treatment of neuronal cells with LPS resulted in increased intracellular zinc levels and NLRP3-mediated inflammatory signals, and that chelation of zinc markedly reduced NLRP3 inflammasome formation and release of IL-1β. It is likely that zinc accumulation occurs specifically in neurons owing to the presence of zinc transporters, and the resulting zinc accumulation may contribute to the regulation of intracellular signaling pathways that lead to cell death. Collectively, our data suggest that accumulated zinc in neurons plays a critical role in mediating inflammatory signals.
Microglia cells are rapidly activated in response to brain injuries such as ischemia and produce proinflammatory mediators, including IL-1β (Guruswamy and ElAli, 2017; Iadecola and Anrather, 2011) . Extracellular zinc has been demonstrated to activate microglia (Wang et al., 2011) , but the role of intracellular zinc in the regulation of microglial activation remains poorly understood. Interestingly, conditioned medium from neurons subjected to OGD has been shown to induce M1 polarization of microglia (Hu et al., 2012) , indicating that pathological factors released from neurons may trigger microglial polarization toward the M1 phenotype. As we showed in the present study, zinc accumulation in response to OGD contributed to cell death and the induction of inflammatory signals. As to the specific mechanism of inflammasome formation by zinc was not addressed in the present study. Since zinc is known to activate NF-B pathway (Bao et al., 2007; Prasad et al., 2001 ) that plays the J o u r n a l P r e -p r o o f key role in inflammasome formation, this seems to be a likely mechanism. Further studies may be needed to address this issue.
Of acute brain injuries, ischemic stroke is the most common cause of long-term disability and one of the main causes of death (Donnan, 2008; Krishnamurthi et al., 2015; Tong et al., 2015) . While reperfusion is the main goal of acute treatment for stroke to reduce ischemic damage, it sometimes can also have harmful effects by increasing secondary brain damage (Hong et al., 2018; Qiu et al., 2016) . Studies have shown that pathological processes such as oxidative stress, excitotoxicity, and inflammation are involved in secondary brain damage following reperfusion (Broughton et al., 2009; Chamorro et al., 2016; Donnan, 2008; Ozkul et al., 2007) . To model in vivo brain ischemia/reperfusion, we used OGD/R in cortical cell cultures. Increases in free zinc levels occurred not only during OGD, but also after the onset of reperfusion. TPEN reduced free zinc levels and attenuated overall neuronal death.
On the other hand, inflammasome formation was a late event, mainly taking place after reperfusion, and was also completely blocked by addition of TPEN. Hence, zinc dyshomeostasis may play a role in primary and secondary neuronal injury under conditions of ischemia/reperfusion.
In conclusion, we report that zinc plays a role in inflammasome formation in cortical cells and microglial cells in vitro and in vivo. Considering that inflammasomes contribute to the expansion of brain injury after ischemia, further understanding of the mechanism of zinc dyshomeostasis and its normalization may aid in the development of therapeutic strategies for reducing inflammation-related secondary brain injury. Zhao, Y., et al., 2014 . Chelating intracellularly accumulated zinc decreased ischemic brain injury through reducing neuronal apoptotic death. Stroke. 45, 1139 -1147 . Zulueta, J.J., et al., 1997 . Intracellular generation of reactive oxygen species in endothelial cells exposed to anoxia-reoxygenation. Am J Physiol. 272, L897-902. Representative images of cortical cell cultures obtained following 2 hours of OGD condition and 6 hours of reperfusion. Cells were pre-treated with TPEN for 30 minutes before initiating OGD or reperfusion conditions. EBSS was used instead of MEM and was bubbled with mixed gas (CO 2 5%, N 2 95%) to remove oxygen. Western blot analysis showed that chelation of zinc inhibits both (C) NLRP3 inflammasome formation and (F) induction of inflammatory cytokines. Western blot analysis was performed with three independent experiments and quantification of (D) NLRP3, (E) ASC, (G) caspase-1 p20 and (H) IL-18 expression levels were represented by bar graph ( * P<0.05, ** P<0.01, **** P<0.0001). 
